Abstract. Energy consumption is one of the most important factors related to profitability in greenhouse systems, and it is a factor in both financial considerations and environmental impacts. Competitiveness in the greenhouse industry is highly dependent upon the energy demand of heating systems. This paper focuses on the use of geothermal energy in agricultural sector. A ground source heat pump system was designed for a new greenhouse complex in Ames, Iowa. An accurate study of the external air temperatures, solar radiation, time, wind speed, and boundary conditions was conducted. Electrical and heating energy, and power demands were analysed. For the greenhouse design presented, the greatest power demand was 350 kW for heating and 620 kW for cooling. These values permitted the greenhouse to be maintained at the temperature of 16.7 ºC, when the external temperature ranged from -20 ºC to 30 ºC. An economic analysis was conducted considering only the energy demand cost, and this cost was compared with the equivalent energy cost of fuel oil and natural gas systems for heating and the equivalent energy cost of the fan and pad systems for cooling. For heating purposes, the economic analysis showed that the total energy demand cost over the nine years of using a closed-loop GWHP was around 120,000 USD, whereas the fuel oil system was 364,000 USD, and the natural gas system was 253,000 USD. This yields cost savings of 67 % and 53 %, respectively. For the cooling purposes, the economic analysis is inconsistent, and the fact, the energy cost difference between the closed-loop ground source heat pump cooling system and fad and pad systems is huge, 83,000 USD for closed-loop ground source heat pump cooling and around 5,200 USD for the fan and pad system energy in nine years.
Introduction
In food crop and ornamental greenhouses, a large amount of materials [1;2] and energy is required for climate control in order to assure good yield and a high-quality crop. Energy consumption is one of the most important factors related to profitability in greenhouse systems, and it is a factor in both financial considerations and environmental impacts [3] [4] [5] . This requirement usually is satisfied by fossil fuels, such as coal, oil, or natural gas, all of which weigh upon global warming. In addition, the price of fossil fuels has continued to rise, and it is no longer as advantageous as it was years ago. Today, older heating systems based on fossil fuels are not more sustainable for greenhouses on both environmental and economic basis. In the foreseeable future, energy sources and rates of consumption will change. Renewable energy technologies for the greenhouse industry are not ready yet to replace fossil-fuel use totally, but the interest of the public and scientific opinion grows more favourable from year to year. Several research projects are being conducted on renewable energy systems for greenhouses, heat pumps, and co-generation systems [6;7] , on photovoltaic and thermal collectors for climate and ventilation supply [8] [9] [10] , geothermal heating of water from artesian wells or geothermal sources [11] [12] [13] and hydrogen and renewable energy sources integrated systems for greenhouse heating [14] [15] [16] [17] . In this paper, we will concentrate on the use of geothermal energy. Often, geothermal energy, like wind energy, is considered as a particular application for a specific place, like a hot natural-water source or an artesian well. But today, it is possible to obtain good energy efficiency from soil thermal capacity, and the only particular natural sources necessary are a good soil temperature and a relatively shallow aquifer.
Materials and methods
After an accurate evaluation, in which we have determined the advantages and disadvantages, the energy-producing capacity, environmental impact, economical aspects, installation, and the maintenance, we have chosen a closed-loop groundwater heat pump (GWHP) as the most suitable DOI: 10.22616/ERDev2019. 18.N028 choice. This choice evolved from the shallow aquifer in Ames, Iowa, measured around 45m (150ft), with a water temperature of 12 to 13 ºC (55.5 ºF). Our first choice was an open-loop system, which has greater efficiency than a closed-loop system, but it was not permitted, due to state regulations in Iowa. The main benefit of a heat pump and its associated system is the coefficient of performance (COP). Due to a high coefficient of performance, a heat pump can transform 1 kWh of electric energy in to 4, 5, or 6 kWh of heating energy, depending on the soil temperature and the ambient temperature demand. Other important factors are the heat pump characteristics, real thermodynamic cycle, and the heat pump system design and installation. Moreover, the same heat pump is functional during both cold and hot periods. This system can produce warm water for cold periods or cold water for hot periods, and this shift can be accomplished by simple inversion of the heat pump cycle. Similar to the COP for heating, there is the energy efficiency ratio (EER) for cooling. The main disadvantages of GWHP are the initial high cost and the slow speed of traversing official channels in order to obtain the authorization to drill boreholes through the aquifer for heating purposes.
A GWHP system was designed for a new Department of Horticulture greenhouse complex at the Iowa State University in Ames, Iowa. The greenhouse complex will be composed of eight research compartments and six instructional compartments. Each compartment is of a size to allow operation of a small self-propelled root-harvesting machine [18] . Between the research and instructional ranges, an open-roof greenhouse range will be built for overwintering woody ornamentals. The total area is 1,160m² (12,500 ft²), and the heated area, less than the open-roof greenhouse, is around 840m² (9,040ft²). Each greenhouse compartment will be furnished with an in-floor, pipe-coil heating system composed of 19mm (¾") cross-linked polyethylene (PEX) to assure a lower cost and freedom from breakage. Warm water will be circulated through the in-floor pipe system in order to maintain a minimum temperature of 16.7 ºC(62 ºF) inside the greenhouse, with the water circulating through the system of temperatures from 30 ºC to 60 ºC (86 ºF to 140 ºF) [19] . The GWHP supplies the in-floor pipe heating system, and it is composed of three hydraulic circuits. The first circuit is a closed-loop system with 63 geothermal boreholes through the aquifer, and each borehole is 140m (460ft) deep with a specific extraction rate of 52 W·m -1 . During winter, heat is extracted from the soil to produce hot water to heat the greenhouse, and during summer, the heat transfer process can be reversed (with a reversible heat pump) in order to produce cold water and cool air to reduce the temperature of the growing space. The second circuit is connected to the heat pump, and it is a closed-loop composed of two heat exchangers, a thermal expansion valve and compressor for making the thermodynamic cycle. The third circuit is also a closed-loop system, and it consists of the in-floor pipe heating system. During the last years in Ames, the ambient air-temperature range was -36 ºC (-33 ºF) to 36 ºC (97 ºF) over the entire set of years, but for the most part, the temperature ranged from -20 ºC (-4 ºF) to 30 ºC (86 ºF) [20; 21] .
Results and discussion
In accordance with Table 1 and Table 2 , the greatest heat power demand was determined to be 460 kW(1,570 MBtu·h -1 ). However, this extreme occurred infrequently, and we believe the best value for the heat-pump power is 350 kW (1, 194 MBtu·h -1 ). The greatest cold-power demand was determined to be 680 kW (2,320 MBtu·h -1 ), but again, the best value, considering the power time frequency, is 620 kW (2,116 MBtu·h -1 ). This is confirmed also by observing the demand for the energy in Fig. 2 and Fig. 3 , in fact the energy necessary for heat power demands greater than 350 kW (1, 194 MBtu·h -1 ) is less than 387,000 kWh (1,320 MMBtu) per nine years, that is less than 6 % of the total energy demand. It is possible to do similar calculations for cooling. In this case, the energy necessary for cooling power request greater than 620 kW (2,116 MBtu·h -1 ) is less than 2 % of the total energy demand. Thus, a power demand of 620 kW (2,116 MBtu·h -1 ) adequately meets the needs of the system, because the yearly energy and power demand is not needed continuously. We have completed an accurate study of the external air temperatures, solar radiation, time, wind speed, and boundary conditions for Ames, Iowa, during the last nine years. For the greenhouse design presented, we found that the greatest power demand was 350 kW for heating and 620 kW for cooling. These values permitted the greenhouse to be maintained at the temperature of 16.7 ºC (62 ºF), when the external temperature ranged from -20 ºC (-4 ºF) to 30 ºC (86 ºF). The heating time is 55 % of the total time period of nine years, whereas the cooling time is 34 %, and natural ventilation time is the 11 %. Instead, the percent value changed a little for what concerns energy; in fact, almost one-half of the total energy demand is required for heating (47 %) and the other half for cooling (44 %). Unfortunately, the cooling energy supplied by natural ventilation represented only 9 % of the total energy demand. Some interesting considerations are exhibited in Fig. 3 . The greatest heating energy demand corresponds to a power demand of around 160 kW, and the energy distribution in Fig. 2 is similar to the Gaussian bend, instead for cooling the peak of energy demand corresponded to a power around 500 kW, higher than the heating power and not following normal distribution, maybe for the combined effects of the sun and the greater external temperatures. Also an external air temperature around 0 ºC corresponds to the greatest heating energy demand, and at 25 ºC it corresponded to the greatest cooling energy demand. The design of the entire system should be completed by using these power demands and the temperature values so that we obtain the greatest efficiency. The electric power consumption, to satisfy the heating and cooling energy demand, changes as the coefficient of performance or the energy efficiency ratio changes in accordance with the external conditions. In our model system for heating, the COP decreases as the external air temperature decreases, and the heating power demand increases. In particular, the COP is seven, when the hot water temperature circulated through the secondary circuit of the heat pump is 30 ºC (86 ºF), and it is 3, when the temperature is 60 ºC (140 ºF). Consequently, the greatest value of the COP weighted average of the closed-loop GWHP is equal to 4.7, when the weighted value is equivalent to the amount of hours of each COP value. In the case of the cooling system, the EER is 6.7, larger than the COP, because the temperature of the soil and the aquifer is around 13 ºC, which is lower than the greenhouse temperature required. Due to the greater COP and EER, it is possible to transform 2,480,000 kWh of electrical energy into 11,713,000 kWh of heating and cooling energy necessary for the nine years of greenhouse climate conditioning (Table 1) , and then it is possible to obtain total energy savings of around 78 %.
For heating purposes, our economic analysis shows that the total energy demand cost over the nine years of using a closed-loop GWHP is around 120,000 USD, whereas the fuel oil system is 364,000 USD, and the natural gas system is 253,000 USD. This yields cost savings of 67 % and 53 %, respectively. It must be considered that the cost of energy increases from year to year and even if the percentages of the price differences between electric energy and fuel oil or electric energy and gas are considered constant, the price differences increase. For the cooling purposes, the economic analysis is inconsistent, and the fact, the energy cost difference between the closed-loop GWHP cooling system and fad and pad systems is huge, as shown in Table 2 , 83,000 USD for closed-loop GWHP cooling and around 5,200 USD for the fan and pad system energy in nine years. But, the substantial difference between the two systems is that with the fan and pad system it is impossible to set and maintain uniform temperature and humidity [22] , it is also an important requisite to limit the contamination issues on the workers operators [23] [24] [25] [26] .
Conclusions
For a complete economic analysis, we must consider the total cost of the energy demand including all equipment, drilling work, etc., and this analysis should be done in the future. We considered only the energy demand cost, and this cost was compared with the equivalent energy cost of fuel oil and natural gas systems for heating and the equivalent energy cost of the fan and pad systems for cooling. However, both from an energy and economic point of view, the use of geothermal energy for greenhouse heating and cooling is sustainable. Considering the analysis carried out, a power plant of 620 kW adequately meets the needs of the system, because the yearly energy and power demand is not needed continuously. For the greenhouse design presented, it was found that the greatest power demand was for the heating purpose and less for cooling.
Unfortunately, the cooling energy supplied by natural ventilation represented only a small percent of the total energy demand. For heating purposes, our economic analysis shows that the total energy demand cost over the nine years of using a closed-loop GWHP is very advantageous in respect to the fuel oil systems and the natural gas systems. This yields cost savings of 67 % and 53 %, respectively. For the cooling purposes, the economic analysis is inconsistent, and the fact, the energy cost difference between the closed-loop GWHP cooling system and the fad and pad systems is huge.
